The main goal of this exploratory study is to determine how the temperature-salinity relationship changes with horizontal length scale and depth in the ocean. Temperature and salinity were measured on a range of scales from 4 m to 1000 km, towing a SeaSoar along isobars and isopycnals in the subtropical gyre of the North Pacific, during the winter of 1997. The wavelet transform technique is used to compute the horizontal density ratio and thermohaline variability as a function of scale and location. Measurements along an isobar in the mixed layer show that the horizontal density ratio is 1 at all scales observed; that is, horizontal temperature and salinity gradients tend to cancel each other in their effect on density. Thermohaline variability at small scales is intermittent and clusters around large-scale thermohaline anomalies. Below the base of the mixed layer, horizontal gradients of temperature are only partially opposed by salinity, and the density ratio is close to 2. In the thermocline the distribution of thermohaline variability is uniform along isobars but intermittent and colocated at different scales along isopycnals. Density-compensated variability, ubiquitous in the mixed layer, is reduced along deeper isopycnals. Compensation of horizontal temperature and salinity gradients supports recent theoretical ideas that mixing in the winter mixed layer depends on horizontal density gradients.
Introduction
In the upper ocean, a remarkable correlation exists between temperature and salinity gradients. In the mixed layer, abundant examples of horizontal fronts with temperature and salinity that nearly cancel in their joint effect on density can be found on scales of 10-100 km [i.e., Roden, 1975 Roden, , 1989 Yuan and Talley, 1992) . A few observations have been made of horizontal density fronts on scales finer than 10 km in which the temperature gradient is partially opposed by the salinity gradient [e.g., Flament et al., 1985; Rudnick and Luyten, 1996] . A useful measure of the degree of compensation is the density ratio R defined as the ratio of the relative effect of temperature and salinity on density over a spatial interval. A front that is cold and fresh on one side and warm and salty on the other, so that temperature and salinity have opposing effects on density, has a density ratio of 1. A front where the effect of temperature is twice and opposite to that of salinity has dients descends from $tommel's [1961] two-box idealization of the thermohaline circulation. Stommel posited a transport law in which the exchange of mass between boxes is proportional to the square of the density difference. Some 30 years later, Storereel [1993] and Storereel and Young [1993] used the same model to propose a regulator mechanism for the mixed layer. The temperature and salinity in the two boxes are established by the interaction between a mean horizontal temperature gradient and a stochastic forcing of random rainfall and evaporation. Provided that the random fluctuations are large, the average ratio of the temperature and salinity differences across the two boxes is 2. A second class of models has been developed to parameterize the transport of heat and salt in a mixed layer idealized as a shallow system with strong vertical mixing. Young [1994] suggested that the horizontal diffusivity of temperature and salinity in such a mixed layer is proportional to the horizontal density gradient squared. The physical explanation of this parameterization is illustrated in the analysis of Ferrari and Young [1997] . Assume that atmospheric forcing and entrainment of thermocline waters create random distributions of temperature and salinity in the mixed layer. Regions will exist in which the horizontal gradients of temperature and salinity will happen to compensate in their effect on density, whereas in other regions they will create horizontal density gradients. The horizontal density gradients will slump under the action of gravity and restratify the mixed layer. Any subsequent strong vertical mixing results in a weakening of the horizontal density gradient. Those T-$ gradients that are compensated do not slump and do not experience horizontal dispersion and therefore persist. The strength of the dispersion increases as the horizontal density gradient becomes larger and may be described by a horizontal diffusivity that is an increasing function of the density gradient. The specific functional dependence is determined by the details of the slumping process. At small horizontal scales this mechanism is essentially a shear dispersion driven by slumping horizontal density gradients, and the eddy diffusivity turns out to be proportional to the density gradient squared. At scales larger than the local Rossby radius, rotation affects the slumping in the form of baroclinic instability. The results of numerical simulations [Pavan and Held, 1996] and theoretical investigations [ Visbeck et al., 1997; Haine and Marshall, 1998 ] suggest the adoption of an eddy diffusivity proportional to a power of the horizontal buoyancy gradient between i and 3. A tight relationship between temperature and salinity is also observed in the waters below the mixed layer. This has been described as the result of different processes. Iselin [1939] noticed that there is a correspondence between horizontal profiles in the surface mixed layer and vertical profiles in the upper thermocline. He concluded that water properties set in the winter mixed layer are transported to the interior essentially unchanged along surfaces of constant density. An alternative explanation is that the thermocline structure is established by double-diffusive mixing [Schmitt, 1981 [Schmitt, , 1999 . Salt fingers transport more salt than heat and tend to rotate and tighten the T-$ curve. Further, salt finger convection is a strong function of the density ratio, decreasing rapidly for values larger than 2. Thus salt fingers can account for a tight T-•q relationship and a density ratio of 2.
This study presents observations of the T-$ relationship in the mixed layer and in the upper thermocline on an unprecedented range of horizontal scales from l0 m to 1000 km.
T-•q measurements were collected with a SeaSoar equipped with a conductivity-temperaturedepth profiler (CTD). The development of a new vehicle control system to track isobars and isopycnals has been a key element in the success of the experiment. Data are analyzed using wavelet techniques to identify the distribution of T-$ variability as a function of length scale and location. The wavelet transform [Daubechies, 1992] is a mathematical tool, much like the Fourier transform, of potential use in the analysis of data. In this paper, wavelet coe•cients are used to calculate statistics relevant to thermohaline variability.
The paper is organized as follows. A summary of the data is given in section 2. Measurements along a surface of constant pressure in the mixed layer are used to discuss statistics of the density ratio and the distribution of thermohaline variability at different scales in section 3. The analysis of thermohaline variability is extended to measurements along isobars and isopycnals in the upper thermocline in section 4. Sawtooth profiles between the surface and 320 m are used to provide a description of the changes of thermohaline variability with depth in section 5. A summary and conclusions are provided in section 6.
Data
The Spice experiment consisted of a cruise in the eastern North Pacific along 140øW, between 25 ø and 35øN. This area is representative of the T-$ variability of the North Pacific subtropical gyre, away from boundary currents. The cruise was conducted from January 24 to February 20, 1997. There were two main reasons to prefer wintertime for this experiment. First, the mixed layer is deep (-• 100 m) and well mixed so that the effects of diurnal solar heating are reduced. Second, the water found in the subtropical mixed layer in this season is subducted in the thermocline and plays an important role in the formation of central water masses.
Measurements were taken towing a SeaSoar equipped with a Sea-Bird CTD. The controller used the difference between the locally measured pressure and the pressure it was supposed to track to maintain the SeaSoar along the desired isobar. Surfaces of constant potential density were chosen for the last two sections, one that went from beneath the mixed layer to outcropping (24.8 kg m -3) and the other that remained in the seasonal thermocline (25.5 kg m-3). The controller operated by responding to differences between the chosen potential density and the one measured in real time. The isobar and isopycnal tow patterns were accomplished using a proportional integral derivative (PID) control algorithm [Shinskey, 1988] .
A complete summary of the experiment is given in Plate 1. The potential density section, as measured by the sawtooth tow, provides the background thermohaline fields on scales larger than 3 km. At a cruising speed of -.• 4 m s -1 , the SeaSoar completed a minimum of five and an average of seven cycles per hour. These data were averaged into bins of 12 min in time (a horizontal resolution of • 3 km) by 8 m in depth. The length of the bins ensured that the SeaSoar completed at least one cycle per bin, while vertical resolution was set to be equal to the vertical resolution of the ADCP. This snapshot shows the main features of the upper ocean structure found in the survey region. There is a well developed mixed layer in the upper 100-150 m that sits over the thermocline. The corresponding pictures of potential temperature and salinity show that temperature is the vertically stratifying component, while salinity decreases with depth for latitudes south of 32øN.
High horizontal resolution was obtained by towing the SeaSoar along two isobars for the full 10 ø of latitude. The difference between the black and white lines is due to oceanic variability; that is, the isopycnals moved during the time between surveys.
Thermohaline
Gradients in the
Mixed Layer
The goal of this section is to obtain statistics of temperature and salinity fluctuations in the mixed layer along a horizontal surface. Horizontal scales below I km are poorly explored in the ocean, and simultaneous measurements of temperature and salinity in the mixed layer over a range of scales from 4 m to 1100 km are unprecedented to our knowledge. The measurements were made along the 50 dbar pressure surface, chosen to bisect roughly the mixed layer (Plate 1). These data are used in the following two sections (1) and not correlated with the thermohaline fields (Figure 1) , proving that the observed gradients are not due to profiling vertical stratification.
The correlation between thermohaline gradients is often quantified in terms of the ratio of the relative effect of potential temperature and salinity on density, the density ratio, The ubiquitous presence of compensated thermohaline gradients supports recent theoretical ideas on the horizontal dynamics of the mixed layer. Young [1994] and Ferrari and Young [1997] suggest that mixing driven by density gradients is more effective than mixing that homogenizes both the thermal and haline components indiscriminately; that is, the mixed layer mixes horizontally in such a way that density gradients are dissipated, while compensated temperature and salinity gradients persist. A horizontal diffusivity equal for temperature and salinity but dependent on horizontal density gradient reproduces this behavior.
Measurements show that temperature and salinity Loglo ( • Colocated variability at different scales is observed both in spice and in potential density scalograms; the mechanism responsible for this colocation does not distinguish between active (density) and passive (spice) scalars. The signature of large-scale fronts at small scales is likely to be generated by geostrophic and winddriven velocity fields that horizontally stir the mixed layer. Stirring produces small scale fluctuations only at large-scale T and $ fronts, where there is thermohaline structure to be stirred. In regions with strong temperature and salinity anomalies the velocity field transfers the high variability down to the scales of dissipation. In regions with little thermohaline structure the process is analogous, but the variability transferred is orders of magnitude smaller.
The structure of the temperature and salinity fields, composed of frontal zones with large gradients separated by regions of small gradients, is characteristic of passive scalars advected by a stirring field. The PDFs of the wavelet coefficients for T and $ depart strongly from Gaussians and develop exponential tails at small scales. The kurtosis goes from a nearly Gaussian value The horizontal density ratio in the thermocline is not I because internal waves and geostrophic eddies displace isopycnal surfaces in the vertical and create horizontal density gradients. Every time the SeaSoar crosses a tilted isopycnal, the sensors measure a density difference due to temperature that is twice and opposite to that due to salinity. This is consistent with previous observations [Schmitt and Evans, 1978 ] that most T-S relationships of the upper thermocline in the subtropical oceans are described by a density ratio between 2 and 3. Schmitt and Evans studied vertical T-S profiles from hydrographic stations, while the present analysis uses horizontal profiles. The density ratio is the same over vertical and horizontal sections because thermohaline gradients are much larger across than along isopycnals in the strongly stratified waters of the thermocline. Therefore, as long as the profiles intersect isopycnal surfaces, the density ratio measured is diapycnal. At horizontal scales shorter than --• 300 m, the SeaSoar does not cross isopycnals as often as at large scales. The diapycnal density ratio is still close to 2, as shown by the principal axis, but the median R drops because the horizontal profiles are characterized by numerous regions of weak and uncorrelated temperature and salinity gradients. Mixing generated by breaking internal waves and shear instabilities is a likely cause of patches of uniform temperature and salinity with horizontal scales of hundreds of meters and vertical scales of a few meters [Mack, 1989] Potential density and spice spectra are both red with a slope of-2, but spectral levels for spice are 8 to 10 times larger. This disparity in energy levels is a result of the competing effects of temperature and salinity on density; if temperature and salinity were perfectly correlated with a density ratio of 2, the spice variance would be 9 times the density variance. (Figures 8a and 8b) . Despite exchanges of waters by entrainment and detrainment between the mixed layer and the thermocline the T-S structure in the two layers is very different.
The increase of density ratio with depth is sharper in the slope of the principal axis than in the median R. In the range of depths between 100 and 150 m the horizontal thermohaline gradients are a combination of two different populations: compensated fronts in the mixed layer and the horizontal projection of diapycnal fronts in the upper thermocline. The slope of the principal axis is extremely sensitive to the large diapycnal gradients, and its value shifts to 2 at 100 m in response to a few submixed-layer gradients. The median R increases gradually from 1 to 2 in the 100-150 m range, as the fraction of thermohaline gradients sampled from the thermocline grows and eventually outnumbers the mixed layer gradients. For depths between 150 and 250 m the slope of the principal axis is slightly larger than the median R because north of 32.5øN the stratification is weak, and haline gradients are not as well correlated with temperature fluctuations; these weak density fronts reduce the median but do not affect the principal axis. Below 250 m the two estimators drift apart because they respond differently to the weak salinity stratification at depth.
The density ratio evolves from 1 to 2 across the base of the mixed layer, and spice is reduced along deeper isopycnals. This does not imply that the T-S relationship is any tighter in the thermocline than in the mixed layer. The opposite is actually true. In the mixed layer the T-S diagram is collapsed along an isopycnal, while at depth the T-S points are quite spread b•t the thermohaline variability along isopycnals is reduced.
Discussion and Conclusions
The Spice experiment has revealed the thermohaline structure of the upper ocean on a wide range of scales. Measurements along the 50 dbar isobar in the •nixed layer show that temperature and salinity gradients on horizontal scales of 20 •n to 10 km tend to compensate in their effect on density. This result contrasts with the structure measured at 200 dbar in the upper thermocline on the same range of scales where density differences due to temperature are correlated with but exceed density differences due to salinity by a factor of • 2. A sawtooth profile shows that the horizontal density ratio increases rapidly from 1 to 2 across the base of the mixed layer. Small-scale temperature and salinity gradients cluster around large-scale thermohaline fronts in the mixed layer along isobars and in the thermocline along isopycnals. The distribution of thermohaline variability in the seasonal thermocline is different along isobars and isopycnals. Along isobars it is dominated by internal waves; along isopycnals it is dominated by geostrophic stirring. Spice variability is reduced along deeper isopycnals.
In the mixed layer, horizontal temperature and salinity fronts tend to be compensated at all scales from tens of meters to tens of kilometers.
This can be rationalized in terms of simple dynamics. Random atmospheric forcing and entrainment of thermocline waters introduce horizontal temperature and salinity gradients in the mixed layer. The subsequent slumping of the heavy fluid under light fluid together with vertical mixing removes any horizontal density differences while leaving behind those temperature and salinity differences that do not affect density. A horizontal diffusivity dependent on the density gradient reproduces this behavior [Ferrari and Young, 1997] , but the specific functional dependence cannot be inferred from the measurements.
The mixing of horizontal density gradients is so efficient that only its end consequences are typically observed. An important, question is whether the compensation seen in the mixed layer of the North Pacific subtropical gyre is representative of other oceans. Observations reveal that temperature and salinity balance in their joint effect on density at all scales smaller than 10 km, roughly the local Rossby radius of deformation computed across the base of the mixed layer. At these scales tile thermohaline structure is likely to be independent of geographical location. Analysis of SeaSoar data from the Subduction experiment in the winter mixed layer of the subtropical North Atlantic confirms that T-S fronts are typically compensated on the horizontal scales of a few kilometers resolved in this experiment [Rudnick and Luyten, 1996] . Compensation is therefore to be expected in all mixed layers if vertical mixing is strong enough to mix away slumping isopycnals, as in midlatitudes during winter. The horizontal structure of mixed layers in other seasons, when mixing is weak, might be substantially different. Finally, the small density changes on scales larger than 10 km are likely to be special to the region of the North Pacific under consideration. Hautala and Roeromich [1998] find that the waters subducted from tile surface mixed layer sampled in the Spice experiment form a thick layer of constant density at depth.
The present analysis shows that the mixed layer density ratio is typically 1 at scales shorter than 10 km, while Stommel [1993] and Chen [1995] found that at basin scales the density ratio in the subtropics has a mean close to 2. These results suggest the hypothesis that the density structure of the winter mixed layer is step-like with regions of/• = 1 separated by sharp density fronts (as observed near the Azores frontal region by Rudnick and Luyten [1996] ). The large-scale density ratio is then other than unity because it measures a few noncompensated frontal zones, but most of the thermohaline structure is actually compensated. Observational The external forcing on the mixed layer is due to me- Tows along 200 dbar and along a sawtooth profile demonstrate that the diapycnal density ratio in the waters below the mixed layer is close to 2. There are two conceivable explanations for the density ratio of 2 in the upper thermocline. The first is that the density ratio of 2 is set in the thermocline by double diffusion [Schmitt, 1981 [Schmitt, , 1994 [Schmitt, , 1999 . The second is that the large-scale density ratio of 2 in the mixed layer is transferred at depth as waters are subducted. Both mechanisms are likely to play a role and deserve attention. The double-diffusive process of salt fingering is particularly active when the density ratio is near 1 but is ineffective at density ratios above 2. In the thermocline low levels of turbulence [Gregg, 1989; Ledwell et al., 1993] allow double diffusion to develop, and the density ratio of I is progressively modified as the mixed layer waters are subducted until a value of 2 is reached.
In addition, Stern [1967] showed that fingering instability is a strong spice consumer. Salt fingers cause warm salty anomalies to rise across isopycnals, because they lose more salt than heat, and cold fresh anomalies to sink across isopycnals, because they gain more salt than heat. The process continues until the anomalies disappear and spice is eliminated.
The alternative explanation of the T-S relation in the upper thermocline starts from the observation that the thermocline waters measured in the Spice experiment have been recently subducted by the wind-driven convergence of mixed layer waters at midlatitudes [Talley, 1985] . Therefore Stommel's [1993] observation that the large scale density ratio is -• 2 in the mixed layer of all subtropical oceans together with Iselin's [1939] result that vertical profiles of temperature and salinity in the subtropical thermocline are coincident with meridional profiles in the winter mixed layer suggest that the diapycnal structure of the mixed layer is transferred unaltered at depth. In the thermocline, geostrophic currents tend to follow isopycnals, and they stir those portions of the temperature and salinity fields that are compensated. The large spice gradients produced by stirring are eventually destroyed by mixing, leaving behind only the noncompensated T-S gradients [Storereel, 1962] . Measurements along a sawtooth profile showed that spice is indeed reduced along deeper isopycnals, which are subducted farther north from the region sampled and have experienced geostrophic stirring for a longer time.
The results of the Spice experiment raise some interesting issues for numerical modeling of the upper ocean. The density-driven mixing active in the winter mixed layer is the result of isopycnal slumping and vertical mixing on scales of 100 m, but it creates compensation on scales of 10 km. There are ocean circulation models that can resolve scales of l0 kin. If some parameterization of density-driven mixing is not included in these models, the horizontal structure of the mixed layer will resemble the atmospheric forcing and will not be characterized by density-compensated structures. Further, any inaccuracy in the horizontal structure of the mixed layer is transported at depth along isopycnals and affects the overall T-S relation of the subtropical thermoclines.
Appendix A' Calibration of the Sensors
The Sea-Bird CTD probes measure temperature T and electrical conductivity C of seawater. Meaningful small-scale salinity measurements require temperature and conductivity sensors that are colocated and whose frequency response are matched over the scales of interest. The consequences of not meeting these conditions are seen at regions of high gradients in temperature and conductivity because artificially high or low values of salinity and density can appear in the measurements. This phenomenon is referred to as salinity spiking. Digital filters are applied to the time series to correct for the mismatch caused by the difference in the sensor responses and by the phase lag due to the physical separation of the sensors along the tow direction.
The simplest model includes a time lag between conductivity and temperature and an exponential relaxation of temperature to its true value [Horne and Toole, 1980] . In mathematical terms a set of two partial differential equations relates the temperature T and conductivity C of a water parcel to the measured 
